ABSTRACT. TheJapanese Antarctic Research Expedition UARE ) has set up automatic weather stations at six sites on a 1000 km long traverse route between Syowa station (21 m a.s.l.) and Dome Fuji station (3 810 m a.s.l.) since 1993. Large temperature rises in winter were observed several times in this area. There were two patterns of time delay of the temperature rises. One was that the temperature rise at Mizuho station preceded that at other stations, and the other was that the temperature rise at Dome Fuji station preceded the others. The former occurred when a disturbance came from the coast between east Enderby Land and the Amery Ice Shelf and strong winds destroyed the stable inversion layer. The latter occurred when the low-pressure center was near the coast of west Wilkes Land. In this case, temperature rise was caused by advection of warm air. The atmospheric pressure at Dome Fuji station and Relay Point oscillated with a period of 0.5 year and amplitude of about 15 hPa. The pressure was higher inJuly and December, and was accompanied by a temperature rise. Fluctuations of hourly air temperature at Dome Fuji station were approximately twice as large as fluctuations at the other sites. The lapse rate of the annual mean temperature increased with elevation, while the monthly lapse rate was largest in April.
INTRODUCTION
There are only a few occupied inland stations in Antarctica, and the coverage of meteorological observations is very poor. Recently, automatic weather stations (AWSs ) have been utilized in this area. The first United States AWS program was carried out by A. Paterson ofStanford Research Institute (e.g. Renard and Salians, 1977) and the program was continued by the University of Wisconsin team (Steams and Savage, 1979; Weidner, 1987) . Australian AWSs were established by Allison and Morrissy (1983) . In the Wilkes Land area in East Antarctica, the Australian National Antarctic Research Expedition (ANARE ) and the United States Antarctic Research Program (USARP) built two AWS data nets and succeeded in gathering data in the sector from 100° to 140° E, extending from sea level to above 3000 m altitude (Wendler and Poggi, 1980; Allison and others, 1993) .
Around Dome Fuji in Dronning Maud Land, East Antarctica, there were no AWSs. The Japanese Antarctic Research Expeditions UAREs) have undertaken a Deep Ice Coring Project at Dome Fttii since 1992. Ice-core drilling down to 2500 m depth was carried out in 1996. As part of the project, an AWS research program was started in 1993 in order to investigate the accumulation circumstance for the ice-core analysis. In 1993,JARE-34 set up AWS units at .three sites along a traverse route from Syowa station to Dome Fuji station, the highest point in Dronning Maud Land, and JARE-35 maintained these instruments. In 1995, JARE-36, 528 the first wintering-over party at Dome Fuji station, added AWS units at the other three sites. In this paper, we describe the results of observations at the six sites in 1995.
OBSERVATION SIT ES
As shown in Figure 1 , six observation sites (H21, Mizuho station, MDl80, Relay Point, MD550 and Dome Fuji station ) were set up along a traverse route from the coast near Syowa station to Dome Fuji station. These locations are summarized in Table I with types of AWS, observation factors and observation period. AWS units at three sites, Mizuho station, Relay Point and Dome Fuji station, started recording in 1993 (Enomoto and others, 1995) , and the others in 1995 (Kameda and others, 1997a) .
H21 site (1026 m a.s.l.) is located in the coastal region, 60 km from the coast, where air temperature and wind speed are strongly influenced by coastal cyclonic activities. Three sites, Mizuho station (2250 m a.s.l.; closed in 1985), MDI80 site (2833 m a.s.l.) and Relay Point (MD364; 3353 m a.s.l.), are located on the ice-sheet slope, where katabatic winds prevail. MDI80 is located in a glazed surface region, while the other two are in a sastrugi surface region. MD550 (3663 m a.s.!.) is located on relatively flat terrain, just beyond the influence of katabatic winds, judging from snow-surface features (Furukawa and others, 1996) and surface snow properties (Shiraiwa and others, 1996 ning M aud Land, where surface hoar grows frequently on the surface (K ameda and others, 1997b) and depth hoar is well developed in the lower layers.
At Dome Fuji station, theJapan M eteorological Agency OMA ) has recorded observations including air temperature, wind speed, wind direction and atmospheric pressure since February 1995.
INSTRUMENTATION
Two types of AWS units were employed: one is a data-logger system which sto res data in complementary metal-oxide semiconductor (CMOS ) memori es, and the other is an Argos system which transm its data to the US. National O ceanic and Atmospheric Administration (NOAA ) series satellites using an Argos Data Collection System on board.
"KADEC series" CMOS data loggers (by Kona System Co. Ltd, Japan ) with extra lithium batteries were used, functioning down to -82°C in a low-temperature test. This type of data logge r was initially used at Asuka Camp in 1985 by JARE-26 (Endoh and others, 1987) and has been extensively used since 1993 by JARE-34 (Enomota a nd others, 1995) andJARE-35 (Enomoto a nd others, 1996).
Data loggers were set in thermal insulation boxes (50 cm x 40 cm x 30 cm ) and were buried in snow at about 50 cm depth. Data were taken from the data loggers once a year, when the expedition visited the sites. At MD550, a windmill generator (Windcharger 910, Marlec Engineering Co. Ltd, UK.) was used to power data-logger heaters. At Dome Fuji station, large batteries (60 Ah x 4) were used to supply power to the data-logger system. The a nemometers (AG-860, Makino Applied Instruments Inc., J apan) did not function on some occasions, due to icing, es pecially at H21 and Mizuho station, and at temperatures below -60°C at Dome Fuji station and MD550. Platinum sensors in shelters were used for air-temperature measurement with O.I°C accuracy. Since the shelters were not ventilated, the air temperature tended to rise in summer owing to heating by solar radiation at low wind speed. Therefore, temperature data when wind sp eed was below 1.2 m s I in summer (November-February ) were discarded.
Takahashi and others: AWS program in east Dronning NJaud Land
Argos-AvVS units have been in operation at Relay Point and Dome Fuji station since February 1995. The measured parameters are air temperature, atmospheric pressure, wind speed and wind direction. These units were originally designed by Stanford University (A. Paterson's group) and have been maintained a nd improved by the University of vVisconsin-Madison (c. R. Stearns'group); they are widely used by th e US. Antarctic Program (Bromwich and Steam s, 1993) .
For Argos-AvVS, air temperature is measured with a platinum resistance thermometer (Weed Instrument Co.); atmospheric pressure with a digiquartz press ure transducer system (Parascientific Inc. model 215); and wind speed and direction with a Bendix aerovane. The data are recorded at 10 min interval s and are transmitted to the NOAA series satellite. If this is within sight of the Argos-AWS unit, the transmissions are received and stored by the Argos data collection system. Th e collected data are stored in an anonymous file transfer protoco l server at the Space Science a nd Engin eering Center of the University of WisconsinMadison (Stearns and others, 1993) .
RESULTS

Air teITIperature
Figure 2 shows air temperature in 1995 at the six observation sites. The temperatures decrease with altitude. The minimum temperature at Dome Fuji station, which Takahashi and others: AWS program in east Dronning Maud Land Cl) ..... occurred on IB August, was recorded as -BO.1 °C by CMOS-AWS, -Bl.9°C by Argos-AWS and -7B.9°C by theJMA. The differences may be due to the topography around Dome Fuji station, where a strong inversion layer develops and air temperature changes with sensor height and subtle surface relief. TheJMA, which started measurements at Dome Fuji station in February 1995, uses an aspirated system for airtemperature measurement, while AWSs use natural ventilation. A remarkable feature was the temperature rise in winter, which occurred at all sites almost simultaneously. This feature was also seen in 1993, but not in 1994 or 1996. Figure 3 shows wind-speed data at each site. Data logging was sometimes interrupted by several problems including icing due to heavily drifting snow, grease hardening due to low temperatures, data-logger troubles, etc.
Wind speed
At H21, wind speed becomes large when low-pressure disturbance encroaches from the coast. At Mizuho station and MDIBO the wind speed was consistently> 10 ms-I as a result ofkatabatic flow. At Relay Point the effect ofkatabatic wind was smaller than at the former two sites. At MD550, wind speed was sometimes negligible, which suggests that this site is outside the katabatic wind region. At Dome Fuji station, wind speed was small, rarely larger than 10 ms-I, and annual mean wind speed was 5.9 ms-I.
Wind d ire ction
Figure I shows wind-direction diagrams at Dome Fuji station and Relay Point (Argos-AWS data) and Mizuho station (previous data). At Mizuho station the east wind blows considerably more than 50% of the time. At Relay Point, the southeast wind blows 40% of the time. Based on these wind-direction features, these two sites are located in the katabatic wind area. At Dome Fuji station, there is no strong prevailing wind, although east winds are slightly the most common. Figure 4 shows solar radiation at Relay Point in 1994-95, measured by type H2O! solar radiation sensor (Eiko Seiki Co. Ltd ). The sun appeared on 2 August, was above the horizon for 24 hours between 29 October and 9 February, and disappeared on IB May. In summer there was almost no cloud at Relay Point. The maximum radiation value was 0.956 kW m -2. It is possible that the sensor surface was occasionally covered with frost and that the observed values were increased by scattered radiation due to the frost.
Solar radiation
Atrn.os pheric pressu re
Atmospheric pressure recorded at Relay Point by Argos-AWS and at Dome Fuji station by theJMA is shown in Figure 5 . The seasonal trend of atmospheric pressure at both sites shows an oscillation with a period of 0.5 year and an amplitude of about IS hPa. The pressure was high inJuly and December and low in May and September. A similar semi-annual oscillation of pressure has been observed by Radok and others (1996) in the sector including Casey, Dumont d'Urville and Dome C in Wilkes Land, though the winter pressure increase was less remarkable in the inland area than at Dome Fuji station. Radok and others explained that the pressure peaks occur when air surrounding the ice sheet is heated and able to spread out over the ice. According to their explanation, the high pressure inJuly around Dome Fuji station is linked to an apparently anomalous event with high temperature inJuly as described later. .... 
DISCUSSION
Te rn.pe rat ure r ise i n w inter Figure 6 shows monthly mean air temperatures in 1995 at the six sites and Syowa station. July temperatures are systematically higher than June and August temperatures because of high values in the middle and at the end of July (see Fig. 2 ). The difference betweenJuly temperatures and the mean of theJune and August temperatures was largest at MD180, midway between Syowa and Dome Fuji stations. TheJu ly temperature rise was also seen in 1993 and 1994 in the observations at Relay Point. The phenomenon of the winter temperature having no distinct minimum is known as a "coreless" winter for the Arctic (Von Middendorf, IS99) and for the Antarctic (Meinardus, 1938) . Figure 7 shows hourly temperatures at the six sites from
July to mid-August. Short-term temperature-maxima events are marked as PI, P2, etc. The temperature at Dome Fuji station increased by 17°C in 2 days starting on S July (event PI ), and 24°C in I day on 27 July (event PS). The time delays in appearance of the same temperature maxima at different AWS sites are recognized in Figure 8 . The time delay patterns are classified into two groups. In one, the temperature maximum appeared earlier at Mizuho station than at inland sites (events P I, P2, P3, P4 and PS). In the other, the temperature maximum at Dome Fuji station preceded that at coastal sites (events P6, P9 and PIl). In all cases the maximum propagated in less than 24 hours. Some temperature maxima did not propagate from H21 (events P7 and PlO). The variation of time delay at H21 seems to differ from the others, perhaps because the H21 location is not aligned with the other sites, as shown in Figure 1 . The typical atmospheric pressure distributions for the two patterns are shown in Figure 8 . They come from an objective analysis by the JMA global circulation model (GCM ) based on meteorological data from Antarctic stations and drifting buoys in the Antarctic Ocean. On S July, when event PI occurred, the center of a low pressure of <960 hPa was at about 65° S, 60° E, off east Enderby Land. Figure 9 shows the meteorological conditions at Dome Fuji station recorded by theJMA. On 8July, when the temperature rise at Mizuho station preceded that at other sites, wind speed becam e large and pressure decreased, while wind direction did not change substantially. The temperature ri se is thought to have been caused by inversionlayer di sappearance as a result of the disturbance from the east. Th e temper ature rise on 28July (event P8), when wind speed was more than 15 m S-I, can be explained in the same way. However, the temperature rise on 3 August, marked as event P9 in Figure 7 , can not be explained by low-pressure disturba nce. The pressure on this day was the highest of the year, wind speed was small and the wind changed direction from north east to east, to so uth, to southwest, to south, to 
hP. east and to northeast. The temperature rise during this period is believed to have been a result of atmospheric advection from the south, where a warm air mass was formed presumably due to subsidence of the atmosphere. When the temperature maxima related to low-pressure disturbance occurred, they were usually accompanied by an increase of snow accumulation at Dome Fuji station. Hence, most of the precipitation was caused by water vapor brought by the disturbances coming from the coast between the Amery Ice Shelf and Enderby Land.
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Tenlperature fluctuation at DOnle Fuji station
As shown in Figure 7 , air temperature at Dome Fuji station flu ctuated with greater amplitude than at the other sites. The temperature fluctuations shown in Figure 10 were calculated using a high-pass filter (hourly data minus the 3 hour running mean). The standard deviations of the fluctuations at all sites in winter and summer are shown in Figure 11 . The standard deviation at Dome Fuji station in winter was about 0.6°C, which is double or triple that at the other sites. This large temperature fluctuation in winter at the top of the ice sheet is an interesting phenomenon, the reason for which is not clear. However, we suggest that it could be the result of the gravity wave with a short period of oscillations in a strong inversion layer which develops in winter.
Lapse rate of tenlperature Satow (1978) calculated annual mean lapse rates in east Dronning Maud Land using 10 m snow-temperature data. He fou nd that the annual mean lapse rate was 1.3°C (100 m r l at 1000-3000 m, and 2.0°C (100 m )-l at 3000-3600 m. Our data show a similar tendency, though the lapse rates are smaller than Satow's results. Figure 13 presents variations of monthly mean lapse rate between all neighboring sites. The lapse rates in summer Uanuary and February) below MD550 (solid lines ) are almost equal to the adiabatic lapse rate. However, in the other seasons they are larger than the adiabatic lapse rate. In addition, in winter they increase with elevation and this tendency is largest in April. This means there should be other causes of cooling, which would be a result of strong radiative cooling in the inland area. Therefore, the lapse rate becomes large in April when the polar night begins a nd radiative cooling is most effective.
The lapse rates between MD550 and Dome Fuji station (broken line) fluctuate from 0.37° to 2.93°C (lOO m r l. Both sites are located outside the influence of katabatic wind (Furukawa and others, 1996; Shiraiwa and others, 1996) , and the altitude difference is only 150 m, whil e the distance between the two sites is 180 km. Hence, the lapse rate between these sites is easi ly changed by differences of weather, radiation conditions and other meteorological factors. Air temperature sometimes increased rapidly in winter. The hourly temperature data of AWSs show that there were two patterns of time delay of temperature maxima. One was that the temperature rise at Mizuho station preceded that at other stations, and the other was that the temperature rise at Dome Fuji station preceded the others. The former occurred when a disturbance came from the coast between east Enderby Land and the Amery Ice Shelf and strong winds destroyed the stable inversion layer. The latter occurred when the low-pressure center was near the coast of west Wil kes Land. In this case, the temperature rise was caused by advection of warm air mass, because wind speed was small, wind direction changed substantially and pressure was high at Dome Fuji station.
The seasonal trends of atmospheric pressure at Dome Fuji station and Relay Point show an osci ll ation with a period of 0.5 year and amplitude of about 15 hPa. The pressure was high inJu ly and December, and was accompanied by a temperature increase.
The fluctuations of hourly temperature in winter at Dome Fuji station with standard deviation of about 0.6°C were approximately double or triple those at the other sites.
The lapse rate of annual mean temperature was 0.78°C (lOOm r l at elevations of 0-1000 m, 1.09°C (lOOm )-! at 1000-2000 m, 1.26°C (100 m r ! at 2000-3000 m and 1.58°C (100 m r ! for elevations greater than 3000 m. The lapse rate of monthly mean temperature between all neighboring sites was close to the adiabatic lapse rate in summer but exceeded it in other seasons. When the pola r night begins in April, the lapse rates are large and tend to increase with altitude.
